Introduction
[2] The semi-arid African Sahel, the southern edge of the Sahara, experienced severe drying between the 1950s and the 1980s, with partial recovery since [Nicholson, 1980; Nicholson et al., 2000] . Recent studies showed that the long-term drying must be attributed to global sea-surface temperatures (SST), rather than anthropogenic land-surface modification: general circulation models (GCMs) of the atmosphere forced with the historic time series of SST reproduce, albeit often with reduced amplitude [Giannini et al., 2003; Zeng et al., 1999] , the time series of Sahel rainfall [Folland et al., 1986; Giannini et al., 2003; Tippett and Giannini, 2006; Lu and Delworth, 2005; Hoerling et al., 2006] . The concern for human influence on Sahel climate has thus shifted from local land-use practices [Herrmann and Hutchinson, 2005] to the effects of anthropogenic emissions on global SST.
[3] Our data set is extracted from the simulations assembled for the fourth assessment report of the IPCC (a table characterizing the models is available via Web browser or via Anonymous FTP from ftp://ftp.agu.org/apend/; more information on the data set is at http://www-pcmdi.llnl. gov/). To compare externally forced and internal variability we analyze 20th-century (hereafter XX) and pre-industrial control integrations (hereafter PI) of 19 coupled models. Additionally, we consider two kinds of integrations in which GHGs are the dominant forcing: 12 idealized integrations forced solely by CO 2 concentration growing by 1% per year from pre-industrial levels and stabilizing at quadrupled the initial value (hereafter 4x), and 19 so-called A1B climate-change scenario integrations (hereafter A1B) in which CO 2 increases to 700 ppm over the 2000 -2100 period, sulfate aerosols decrease, and natural forcings remain fixed.
[4] We aim to determine whether mean rainfall in the Sahel (delimited herein as the 10N -20N zonal band across Africa) is significantly different in the XX and PI simulations. In XX, variability is forced by both anthropogenic (e.g., growing GHG and aerosols from industrialization) and, for about half the models, natural (solar variability and volcanic aerosols) forcings. In PI, all external forcings are fixed in time and variability is the pure expression of dynamics internal to the climate system. The weakness of this approach is that we cannot directly contrast model output to observations, due to a lack of instrumental records of Sahel rainfall during pre-industrial times. Its strength is that it can detect-to the extent that external forcings are accurately represented-the externally forced component of drought, independently of whether the sharp decline in Sahel rainfall from the 1950s to the mid 1980s was in part due to internal variability.
Response to 20th Century Forcings
[5] Figure 1 shows the difference between late 20th century and pre-industrial climate, hereafter the XX-PI difference. Figures 1a and 1b show the average XX-PI difference in annual mean surface temperature and JuneJuly-August (JJA, the rainy season in the Sahel) rainfall; Figures 1c and 1d show a measure of model agreement (see caption for details). The XX-PI SST difference is characterized by warmer tropics, especially south of the equator, and cooler mid-latitudes, especially in the North Atlantic. This pattern strongly resembles both that associated with the historical Sahel drought [e.g., Giannini et al., 2003 ] and the observed 1950 -1999 trend [Hansen et al., 1999] . The XX-PI JJA rainfall difference shows marked drying at the northern edge of the ITCZ, across the East Pacific, Atlantic, and Sahel, as well as in the monsoon regions of Asia, but increased rain in the west and south Pacific, and in the Gulf of Guinea. The cross-model consensus in reproducing a relatively small-scale feature such as the drying of the Sahel is truly remarkable, given large differences in model formulation and forcings, and the notorious difficulties of GCMs in simulating tropical rainfall.
[6] A negative Sahel rainfall anomaly is a robust feature across models; how significant is it against the internal variability of each model? Figure 2a shows the XX-PI difference in JJA Sahel rainfall against the internal variability in 25-year mean rainfall, shown by the one and two (1975 -1999 ensemble mean for each model, circles and squares) and PI (long-term mean). The dark (light) gray shading are one (two) sigma deviations in 25-year mean Sahel rainfall in each PI simulation. Models forced by both natural and anthropogenic forcings shown in red circles, those forced only by anthropogenic forcings in blue squares. Note that the ''red circle'' models also tend to have a more complete treatment of aerosol forcings and to include land-use changes (see Table S1 ). Except for CCMA, PCM1 and HADCM3, drying is significant at the 95% level. (b) 25-year mean JJA Sahel rainfall anomalies: 4x-PI anomalies at two stages in the 4x runs [at late 20th century (triangles, yrs 50-75) and four times pre-industrial CO2 concentration (squares, yrs 115-140)] and anomalies between the A1B runs (at CO2 concentration of 700 ppm, yrs 75-100) and either the PI control (circles, A1B-PI) or the end of the XX simulations (stars, A1B-XX). Gray shading as in Figure 2a .
standard deviation limits estimated from the PI integrations. The XX-PI difference is significantly negative in a majority of models (16); in no case it is significantly positive. Such strong cross-model agreement forcefully suggests that observed dryness in the Sahel has been-at least in part-a response to late 20th century forcings.
[7] The above analysis establishes that the late 20th century Sahel drought had a forced component. Unfortunately, different modeling groups used different forcings for the XX integrations, including natural and anthropogenic, making attribution of drought to anthropogenic causes more complex. The forcings common across all XX simulations are anthropogenic: (i) the well-mixed GHGs and (ii) the direct effect of sulfate aerosols. Historic variations in solar and volcanic forcings, land use, carbonaceous aerosols, and ozone force about half of the simulations, and treatment of the semi-direct and indirect aerosols effects varies widely (Table S1 in auxiliary material   1 ). We repeated our analysis on those models forced exclusively by anthropogenic emissions; they reproduce the large scale patterns of both SST and rainfall anomalies (see Figure 2a above and Figure S1 in auxiliary material). Moreover, the SST anomalies shown in Figure 1a have been linked to anthropogenic, not natural forcings [Cubasch et al., 2001] and [Rotstayn and Lohmann, 2002] have shown that aerosols force a hemispheric SST gradient and Sahel drought. Finally, simulations with the GFDL model confirm that natural forcings do not cause drying in the Sahel [Held et al., 2005] . Therefore, we shall focus on the effect of GHGs and reflective aerosols.
Response to Greenhouse Gases
[8] The SST anomalies responsible for Sahel dryness (Figure 1a ) have been characterized as both an inter-hemispheric, or north/south gradient and a tropical warming. The different interpretations suggest different origins for the SST anomalies and different mechanisms for SST influence over the Sahel.
[9] GHG alone can force tropical warming and may slow down the ocean meridional overturning circulation (MOC), thereby reducing heat transport in the north tropical Atlantic and forcing a local north/south temperature gradient [Rahmstorf, 2002] . A combination of aerosols and GHG can induce a north/south gradient in SST warming because larger aerosol loadings in the Northern Hemisphere locally reduce the GHG-induced warming, via direct and indirect effects [Hansen et al., 2002] .
[10] To understand the role of each forcing, we analyze the 4x simulations, in which only CO 2 varies. Figure 3 shows the 4x-PI difference in annual surface temperature and JJA rainfall when CO 2 concentration reaches late 20th century levels in the 4x integration. SST warming is maximum in the equatorial regions and weaker in the subtropics; the warming is especially symmetric about the equator in the Atlantic sector. Contrary to the XX-PI case, the 4x-PI difference shows no coherent drying of either the northern edge of the Atlantic ITCZ or the Sahel: the mean drying comes from only a fraction of the models (Figure 3d and 2b). The disagreement on the response of African rainfall to GHG forcing is best shown in Figure 2b . When the GHG forcing is the only (4x-PI) or dominant (A1B-PI and A1B-XX) forcing, models predict a dry Sahel about as often as a wet one. Thus, while models agree in ascribing the 20th century Sahel drought-at least partially-to anthropogenic emissions, they disagree in their prediction for a future, higher-GHG world [Held et al., 2005] . We propose that the robust XX-PI anomalies are due to the effect of aerosols, which induce a robust north/south SST gradient in the tropical Atlantic. In the presence of an Atlantic SST gradient, all models respond with a reduced monsoon flow (not shown)-therefore capturing at a minimum that part of the drying signal that is forced locally.
Discussion
[11] Several recent studies address the question of human influence on the Sahel. The GFDL GCMs reproduce the 20th century Sahel rainfall with uncanny precision, and sensitivity experiments support the anthropogenic origin of the drought [Held et al., 2005] . Conversely, [Hoerling et al., 2006] report that a multi-model ensemble forced with 20th century anthropogenic emissions reproduces the long-term variations of Indian Ocean and (less accurately) Atlantic Ocean SST, but fails to reproduce the magnitude of the observed 1950-1999 Sahel drying.
[12] It is not surprising that coupled models would not faithfully and consistently reproduce the timing and magnitude of the observed trend. Even with prescribed SST, models reproduce only about 2/3 of the trend [Hoerling et al., 2006] , and a growing body of literature [e.g., Sutton and Hodson, 2005] relates internal, decadal variations in the MOC, the Atlantic gradient, and African drought. It is plausible that the abruptness and magnitude of the 1950 -1999 trend were in part a consequence of internal variability in the atmosphere-ocean-land system. The forced part of the signal emerges not in a sharp 1950 -1999 trend, but in the overall change in mean rainfall, a less stringent test. We claim that an internally generated, natural drying was superimposed on an externally forced, likely anthropogenic signal. A rough estimate for the role of external forcings is derived by comparing the observed 1930 -1999 Sahel drying with the XX-PI difference. The former is À1.1 mm day À1 (25% over 70 years), the latter is, on average, À0.3 mm day À1 (8%), indicating that perhaps a third of the longterm drying was externally forced (or more, considering possible amplifications by vegetation and dust dynamics).
[13] The GCMs forced exclusively by anthropogenic forcings consistently reproduce the XX-PI change in global SST associated with Sahel drought and a correspondent Sahel drying, suggesting that the important external forcings are anthropogenic. Specifically, Northern Hemisphere sulfate aerosols are key for a robust drying signal in the Sahel, as they force a meridional gradient in Atlantic SST, hence reduced moisture flux by anomalous winds. In simulations where the asymmetric cooling effect of aerosols is absent or overwhelmed by the effect of increased GHG, an acrosstropics uniform warming becomes the dominant signal in SST, and the precipitation response becomes model-dependent. Hence, the cross-model consensus in interpreting the history of Sahel rainfall breaks down in forecasting its future [Held et al., 2005] . We hypothesize that different precipitation responses might arise from different balances between competing forcings. First, a warmer Indo-Pacificimplying a warmer, more stable free troposphere [e.g., Chiang and Sobel, 2002] , an upped-ante for convection [Neelin et al., 2003] , and a drier Sahel. Second, a warmer Atlantic and increased land-ocean temperature contrastimplying stronger moisture advection by the monsoon [Haarsma et al., 2005] , and a wetter Sahel. Meaningful climate predictions for this vulnerable region require an understanding of what tips the balance toward a dry or wet Sahel in different models. 
